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In the framework of diquark model for production we discuss the yields
and observation prospects for excited states of doubly heavy baryons at LHC
kinematic conditions.
1. INTRODUCTION
Production and decay challenges for doubly heavy baryons attract researches for more than
two decades (see, for example, [1, 2]). Perhaps such an interest is caused by their exciting
structure. Actually since such hadrons consist of two heavy quarks and one light quark, it is
quite reasonable to divide them into two subsystems: compact doubly heavy diquark and a
light quark. States of doubly heavy diquark (antitriplet by colour) can be described within
the same models as quarkonia states (potential models for instance). Since the spectroscopy
of quarkonia is described quite well under the decay threshold to open flavour, the diquark
spectroscopy has a chance to be described adequately as well. Assuming that such a diquark
is a compact, antitriplet by colour object one can consider its interaction with a light quark as
an interaction between a quark and an antiquark. This approach greatly simplifies theoretical
research of doubly heavy baryons and allows one to obtain detailed predictions for properties
of such systems (see, for example, [1–4]).
It is worth to mention that the spectroscopy of doubly heavy baryons can be investigated not
only in the framework of quark-diquark approach but also through direct solving the quantum
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2three body problem (see., for instance, [5–10]). It is very significant direction of research but we
should notice that currently it is not possible to unambiguously conclude that quantum problem
of three bodies is more correct approximation than quark-diquark one. Thus lattice calculations
testify to so-called “Y”-shaped interation, from which the quark-diquark approximation arises
naturally. One more argument for the latest approach is the fact that in case of spectroscopy
of baryons with one heavy quark the model of interaction between heavy quark and a light
diquark works well. In addition it is worth noting that Regge trajectories for light mesons and
light baryons have the same slope which argues in favour of quark-diquark model in case of
light hadrons.
While studying the spectroscopy of doubly heavy baryons one can choose between the two
approaches mentioned here, studying the production of doubly heavy baryons doesn’t provide
this choice, and the only more or less consistent model of their production known today is
based on the assumption that initially produced diquark transforms into doubly heavy baryon.
It is clear that the production of a heavy diquark is very similar to associative production of
quarkonium and a heavy quark: in both cases production of two pairs of heavy quarks and the
consequent formation of doubly heavy system take place. But there is an essential difference.
The point is as it is shown in works [11–14], associative production of quarkonium with hidden
flavour and a heavy quark acquires significant contribution from so-called mechanism of doubly
parton scattering (DPS), in which quarkonium and its attendant heavy quark are produced
in different parton collisions. Unlike the heavy quarkonium production where DPS provides a
comparable contribution in case of diquark production DPS mechanism is suppressed. Inde-
pendent production of two pairs of heavy quarks doesn‘t allow them to merge into diquark.
That’s why we expect the yields of doubly heavy baryons Ξcc and Ξbb to be much less than
yields of associative production of the corresponding quarkonia and heavy quarks.
While theoretical research of doubly heavy baryons is being carried out for many years, the
first experimental observation of such state was achieved quite recently by collaboration LHCb:
in 2017 year baryon with two charmed quarks Ξ++cc was observed in decay mode Λ+c K−pi+pi+
[15]. This observation is already confirmed in mode Ξ+c pi+ [16]. The lifetime of this new state is
also measured [17]. In this work we discuss the perspectives for doubly heavy baryons further
studying, in particular we estimate the yields of doubly heavy baryons with excited heavy
diquark — so-called ρ-excitations (see Fig. 1).
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Figure 1: Schematic representation of ρ and λ excited states of ΞQQ baryon: ρ states are states with
excited diquark, λ are states with excited light quark.
2. CALCULATION TECHNIQUE
Since the calculation technique is detailed in paper [18], in this work we provide its outline
only. In the context of quark-diquark production model the baryon production is natural
to be divided into two stages. At the first stage of calculations doubly heavy diquark in
antitriplet colour state is produced perturbatively in hard interaction; at the second — doubly
heavy diquark turns into baryon in the soft hadronization process (see, for instance, [19–23]).
Typically the hadronization process is considered within the fragmentation approach by analogy
with hadronization of one heavy quark into heavy hadron.
As it is mentioned in work [24], the soft gluon emission complicates the classification of levels
of heavy diquark with quarks of different flavours and therefore we will consider only cc- and
bb-diquarks further.
Assuming slight dependence of production amplitude of four heavy quarks TQQ¯QQ¯ on three-
momentum q of a quark within the diquark, the diquark production amplitude can be expanded
into a series over q powers:
A ∼
∫
d3q Ψ∗[QQ]3(q)
{
TQQ¯QQ¯
∣∣
q=0
+ q
∂
∂q
TQQ¯QQ¯
∣∣
q=0
+ . . .
}
, (1)
where Ψ[QQ]3(q) is a wave function of the diquark in colour antitriplet. The first term in the
expansion (1) will provide the major contribution to production of the S-wave diquark, the
4second term — to production of the P -wave one.
Requirement for antisymmetry for the wave function of a diquark with two identical quarks
puts a restriction on its spin: S-wave diquark can only have spin 1 while P -wave diquark — only
spin 0. Thus production amplitude of S-wave state of the diquark is determined by formula
Asz =
1√
4pi
RS(0) · T szQQ¯QQ¯
∣∣
q=0
, (2)
where sz is a diquark spin projection and RS(0) is value of radial wave function at origin; and
production amplitude of P -wave state of the diquark is determined by formula
Alz = i
√
3
4pi
R′P (0) · {LlzTQQ¯QQ¯}
∣∣
q=0
, (3)
where lz is a diquark orbital momentum projection, R′P (0) — derivative of radial wave function
at origin and Llz — differential operator of the following form:
Llz =

L−1 = 1√
2
(
∂
∂qx
+ i ∂
∂qy
)
L0 = ∂
∂qz
L+1 = − 1√
2
(
∂
∂qx
− i ∂
∂qy
)
.
(4)
The resulting colour antitriplet should be hadronized to form a baryon. Since light quark
with effective mass mq in the baryon with mass M picks up approximately
mq
M
from the whole
transverse momentum of the baryon, this quark is always present in a quark sea at LHCb
kinematic conditions. That’s why one can assume that doubly heavy baryon hadronizes by
joining with one of the light quarks u, d or s in the same proportion 1 : 1 : 0.26 as b quark [25].
We also suggest that it hadronizes with unit probability. The latter assumption is pretty much a
guess because diquark has a color charge and therefore strongly interacts with its environment,
that could lead to the diquark dissociation.
On the other hand it can be assumed that diquark hadronizes according to fragmentation
model in line with heavy meson. Under this model the diquark’s energy loss is described by
fragmentation function which is independent of the process. While for heavy mesons the shape
of fragmentation function can be extracted from experimental data for e+e− annihilation, it
remains unknown in case of doubly heavy diquark. However it is reasonable to suppose that
this function is quite sharp even for cc-diquark because of its relatively high mass.
53. PRODUCTION OF DOUBLY CHARMED BARYONS WITH EXCITED HEAVY
DIQUARK AND PROSPECTS FOR THEIR OBSERVATION
For estimations of cross-sections and yields of doubly charmed baryons in hadron-hadron
interactions we have used wave functions from [26] and parton functions CTEQ [27].
The calculations are performed for kinematics of the detector LHCb 2 < η < 4.5, pT < 10
GeV at center-of-mass energy
√
s = 13 TeV for scales in the range from ET/2 to 2ET . Our
estimations derive that relative yields of baryons with doubly charmed diquark in 2S- and 3S-
states comprise about 50%, while P -wave states of diquark give only 3÷ 5 % of the total yield
(see Tab. I and Fig. 2). The estimations obtained show that relative contribution of excited
states slightly increases with transverse momentum. However that doesn’t mean excited states
to be searched at high transverse momenta since absolute yields are higher at low momenta [18].
Table I: Wave functions and masses of doubly charmed diquark [26]. Cross-sections and relative yields
for different states of cc-diquark.
state wave function diquark’s mass relative yield cross-section
|R(0)|, GeV3/2 m, GeV r∗,% σ, nb
1S 0.566 3.20 49÷ 52 120÷ 170
2S 0.540 3.50 26÷ 27 60÷ 90
3S 0.542 3.70 18÷ 20 40÷ 70
|R′(0)|, GeV5/2 m, GeV r, % σ, nb
1P 0.149 3.40 2 4÷ 6
2P 0.198 3.70 1÷ 2 4÷ 5
Now having gained an estimation for yields of doubly charmed baryons it is worth to discuss
their decays.
The excited states of doubly charmed baryons, lying below the ΛcD threshold, fall into the
ground state. Where it is kinematically possible the hadronic mode dominates: predictions
for widths of electromagnetic transitions [28–30] at least two orders less than for hadronic
ones [30–35].
Since quark-diquark model of doubly heavy baryons allows one to examine separately the
excitations of a light quark and a heavy diquark, following this approach one can categorize
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Figure 2: Dependence of relative yields of doubly charmed diquark’s excited states on transverse
momentum for different scales at proton-proton interaction energy
√
s = 13 TeV: (a) – S-wave states,
(b) – P -wave states.
transitions between the different states of doubly heavy baryons into transitions caused by a
change of the light quark state in the baryon and transitions caused by a change of the diquark
state.
While λ-excitations of doubly charmed baryons are predicted to be rather broad by all the
theoretic groups [30–33]: 40 ÷ 300 MeV, in case of ρ-excitations, being studied in the present
work, results of different studies contradict each other. Thus according to predictions [34] the
decay widths of doubly charmed baryons with first radial excitation of the diquark and with
excitations of light degree of freedom are comparable in magnitude 1:
Γ [Ξcc (2S1s(1/2))→ Ξcc(1S1s)] ∼ 50 MeV,
Γ [Ξcc (2S1s(3/2))→ Ξcc(1S1s)] ∼ 400 MeV,
which contradicts research [36], where the values less than 0.5 MeV are predicted for the tran-
sition widths Ξcc(2S)→ Ξcc(1S)pi.
The most interesting states in family of doubly charmed baryons are doubly charmed baryons
with P -wave state of the heavy diquark. The point is, as it was shown in [37], their decays should
1 Hereinafter we use generally accepted notations where a number and an uppercase letter denote the heavy
diquark orbital state, a number and a lowercase letter – the light quark orbital state, and a number in
parentheses – the total angular momentum of the baryon.
7be accompanied by a simultaneous change of the spin and orbital momentum of the diquark
which leads to width suppression with a factor Λ2QCD/m2c . Therefore doubly charmed baryons
with P -wave state of heavy diquark are metastable. This conclusion is partially confirmed by
conclusions of research [35], where widths of states Ξcc(1P ) are estimated as follows: Γ [Ξcc(1P1s(3/2))→ Ξcc(1S1s(3/2))pi] = λ
2
3/2112 MeV,
Γ [Ξcc(1P1s(1/2))→ Ξcc(1S1s(1/2))pi] = λ21/2111 MeV,
(5)
where λ3/2, λ1/2 ∼ ΛQCD/mc. It’s clear that at small values of λ1/2 and λ3/2 these states will
indeed be metastable.
At LHC experiments conditions these P -wave states can be detected through their decays
with charge change. Decays Ξ++cc (1P1s(1/2)) → Ξ+cc (1S1s(1/2))pi+ and Ξ+cc (1P1s(1/2)) →
Ξ++cc (1S1s(1/2))pi
− can be completely reconstructed. Decays Ξ++cc (1P1s(3/2)) →
Ξ+cc (1S1s(3/2))pi
+ → [Ξ+cc (1S1s(1/2)) γ] pi+ and Ξ+cc (1P1s(3/2)) → Ξ++cc (1S1s(3/2))pi− →
[Ξ++cc (1S1s(1/2)) γ] pi
− can be reconstructed with photon loss only, since such a soft photon
has low detection efficiency. However it will be anyway possible to distinguish the peak, cor-
responding to Ξcc (1P1s(3/2)), in the distribution over Ξccpi invariant mass. This peak will be
shifted by the value of mass splitting of doublet 1S1s and will have an extra width:
∆M˜ ≈ 2∆MS
√
(∆MPS/M)2 − (mpi/M)2 ∼ 10 MeV, (6)
where M – ground state mass, mpi – pion mass, ∆MS = M (Ξcc(1S1s(3/2)) −
M (Ξcc(1S1s(1/2)) = M (Ξcc(1S1s(3/2)) − M , and ∆MPS is a mass difference between
1P1s(3/2) and 1S1s(3/2) states: ∆MPS = M (Ξcc(1P1s(3/2)) −M (Ξcc(1S1s(3/2)). Fig. 3
illustrates the possible peaks shape in the invariant mass distribution for candidates to first P -
wave excitation of the diquark in double charmed baryon. It is worth to add that the transition
in 1S1s doublet can go through photon emission only since the value of mass splitting ∆MS is
around 100÷ 130 MeV [26, 38–40], that is less than the pion mass.
In Ωcc spectrum analogous single-pion transitions break the isospin symmetry and therefore,
if kinematically possible, the Ωcc excitations decay into Ξcc ground state with kaon emission. A
special case is the first P-wave diquark excitation in Ωcc. The single-pion transitions are supp-
resed over three orders due to isospin symmetry breaking [31], and the single-kaon transitions
are kinematically forbidden. As a result, for such states the hadronic mode doesn’t dominate
towards the electromagnetic one (see [28] and [31]).
8It seems that decay widths of 2S-states exceed the value ∆MS of hyperfine splitting and
therefore in case of transition Ξcc (2S) → Ξcc (1S) pi the quantum numbers JP are unlikey to
be determined: decay will be represented by one wide peak in the invariant mass distribution.
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Figure 3: Possible distribution over mass for 1P1s- levels of Ξcc. Both peaks are washed out with
dispersion of 10 MeV in order to simulate the detector’s resolution. The JP = 3/2− peak’s offset and
extra widening are associated with the loss of a soft photon.
Basing on the estimations concerning the relative yield of excited baryons, we can roughly
conclude how many of doubly charmed baryons represent the decay products of excited states
Ξ∗cc and Ω∗cc. The total yield of Ξ++cc , seen in experiment, might be estimated as
Ntot ∼ Ndirect(Ξ++cc ) +
1
3
N(Ξ∗++cc → Ξ++cc pi0)+
+
2
3
N(Ξ∗+cc → Ξ++cc pi−) +
1
2
· 1
2
N(Ω∗+cc → Ξ++cc K−).
Here the coefficients at N(Ξ∗++cc → Ξ++cc pi0) and N(Ξ∗+cc → Ξ++cc pi−) are determined by isospin
count and coefficient at N(Ω∗+cc → Ξ++cc K−) is determined by isospin count and consideration
that about half of excited states of Ω∗+cc might lie under the threshold of Ξ++cc K−. Assuming
that excited diquarks hadronize by picking up the light quark in the same proportion as not
excited ones u : d : s = 1 : 1 : 0.26, one can conclude that from Ntot ≈ 300 detected Ξ++cc
around 2/3
2.26
× 300 ≈ 90 baryons are products of Ξ∗+cc decay, around 2/32.26 × 300 ≈ 45 baryons are
9products of Ξ∗++cc decay and around
0.26/4
2.26
× 300 ≈ 10 baryons are decay products of Ω∗+cc .
4. EXCITED DOUBLY BEAUTY BARYONS AND PROSPECTS FOR THEIR
OBSERVATION
It is worth noting that even perspectives for ground state observation are not clear so far
because of the very low production cross-section. It is necessary to produce four beauty quarks
to form such a state, which results in high suppression because of the small phase space at low
gluon energies and to suppression as |R(0)|2/m3b to compare with b quarks production at high
energies in the fragmentation regime. Most probably there is no enhancement caused by double
parton scattering in these processes. Nevertheless the possibility of searching for these states
is being discussed. So we should mention a very interesting paper [41], where the possibility of
discovering Ξbb is regarded by means of detection of Bc mesons with momentum directed not
to primary interaction vertex and therefore with high probability representing the Ξbb decay
products. Considering a certain attention to the problem of Ξbb registration, in this work we
estimate the relative yields of Ξbb with S- and P -wave excitations of diquark.
Using results for masses and wave functions gained in papers [26, 42], we perform our
estimations of cross-sections and relative yields for excited states (see Fig. 4). They have
revealed that yield of metastable P -wave states of doubly beauty baryons is suppressed even
more than in case of doubly charmed baryons and is approximately 2% from the total yield
of all the doubly beauty baryons. Meanwhile contribution from S-wave states, which is about
60%, is a little more, than contribution from analogous states to the yield of doubly charmed
baryons, which is ∼ 50%.
Since bb-diquark is more compact, most likely the quark-diquark model should describe the
family of doubly beauty baryons more successfully than the family of doubly charmed baryons
because of the smaller corrections on the diquark’s size [24]. It is also notable that metastable
baryons with scalar P -wave bb-diquark should be even more narrow than analogous states
with cc-diquark: their widths should be approximately in m2b/m2c times less as evidenced by
equation (5).
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Table II: Wave functions and masses of doubly beauty diquark [26, 42]. Cross-sections and relative
yields for different states of bb-diquark.
state wave function diquark’s mass relative yield cross-section
|R(0)|, GeV3/2 m, GeV r∗,% σ, pb
1S 1.107 9.8 36÷ 37 320÷ 670
2S 0.969 10.0 24÷ 25 210÷ 450
3S 0.927 10.2 19÷ 20 170÷ 360
4S 0.906 10.3 17÷ 18 150÷ 320
|R′(0)|, GeV5/2 m, GeV r, % σ, pb
1P 0.387 9.9 0.3 3÷ 6
2P 0.484 10.1 0.4 4÷ 8
3P 0.551 10.3 0.5 4÷ 9
4P 0.605 10.4 0.5 4÷ 9
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Figure 4: Dependence of relative yields of doubly beauty diquark’s excited states on transverse mo-
mentum for different scales at proton-proton interaction energy
√
s = 13 TeV: (a) – S-wave states,
(b) – P -wave states.
5. CONCLUSION
In this study the relative yields of doubly charmed and doubly beauty baryons with excited
heavy diquark are estimated. In both cases the excitations with S-wave diquark’s state account
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for about half from the total yield of such double heavy baryons and excitations with P -wave
diquark’s state account for only few percent from the total yield. The calculations show that
search for S-wave excitations of doubly charmed baryons is quite feasible challenge for LHCb
experiment. Searching for P -wave states of doubly charmed baryons represents much more
complicated challenge. Detection perspectives for excitations of Ξbb baryons in the experiments
at LHC at this point remain in doubt.
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